Journal  of  Power  Sources  221  (2013)  328-333 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

Sbb..«jtS 


A  new  ionic  liquid  organic  redox  electrolyte  for  high-efficiency  iodine-free 
dye-sensitized  solar  cells 

Hongwei  Wu,  Zhibin  Lv,  Shaocong  Hou,  Xin  Cai,  Dan  Wang,  Hany  Kafafy,  Yongping  Fu,  Chao  Zhang, 
Zengze  Chu,  Dechun  Zou* 

Beijing  National  Laboratory  for  Molecular  Sciences,  Key  Laboratory  of  Polymer  Chemistry  and  Physics  of  Ministry  of  Education,  College  of  Chemistry  and  Molecular  Engineering, 
Peking  University,  Beijing  100871,  China 


HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  A  new  iodine-free  IL  organic  elec¬ 
trolyte  is  presented  for  using  in 
DSSC. 

►  Ink  carbon  as  the  CE  showed  better 
catalytic  activity  than  Pt. 

►  The  organic  dye  D102  presented 
high  energy  conversion  efficiency  of 
3.83%. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  1  April  2012 
Received  in  revised  form 
19  June  2012 
Accepted  19  July  2012 
Available  online  23  August  2012 


Keywords: 

Ionic  liquid 

Dye-sensitized  solar  cells 
Organic  redox 
Iodine-free 
Ink  carbon 


A  new  ionic  liquid  (IL)  5-mercapto-l-methyltetrazole  l-methyl-3-propylimidazolium  salt  PMIT  with  di- 
5-(l-methyltetrazole)  disulfide  (T2)  as  the  organic  redox  couple  is  adopted  for  application  in  IL  dye- 
sensitized  solar  cells  (DSSCs).  Adopting  ultralow-cost  and  superior  catalytic  ink  carbon  as  the  counter 
electrode  (CE),  the  N719-  and  D102-sensitized  devices  show  high  efficiencies  of  4.30%  and  3.83%  under 
100  mW  cm-2  light  illumination,  respectively.  Electrochemical  studies  provide  insights  on  the  mass- 
transfer  and  recombination  kinetics  of  the  electrolyte  and  electrochemical  catalysis  of  the  CE.  The  ink 
carbon  CE  exhibits  more  excellent  catalytic  activity  than  the  Pt  CE  for  the  redox  couple.  These  show  an 
attractive  prospect  of  carbon  materials  for  application  in  DSSCs  based  on  new  iodine-free  ionic  liquid 
organic  electrolyte. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Renewable  and  green  energy  are  important  technological  drivers 
of  future  economic  development.  Solar  cell  technology  (photovol- 
taics)  is  one  of  the  key  technologies  with  the  potential  to  meet  the 
demand  for  green  energy  for  sustainable  development.  Dye- 
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sensitized  solar  cells  (DSSCs)  [1]  have  higher  efficiency  and  lower 
cost  compared  with  numerous  other  solar  cells.  Extensive  and 
effective  systematic  studies  on  DSSCs  have  been  conducted  world¬ 
wide  since  O’Regan  and  Gratzel  reported  significant  breakthroughs 
in  1991  [1  ].  To  further  improve  the  photon-to-electricity  conversion 
efficiency  (PCE)  of  DSSCs,  scientists  and  technicians  have,  in  the  past 
20  years,  made  unremitting  efforts  in  the  optimization  of  DSSC 
component  elements,  including  the  optimization  of  the  photoanode 
[2,3],  the  design  and  synthesis  of  broad-spectrum  dye  molecules 
with  high  absorption  coefficients  [4,5],  and  the  development  and 
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substitution  of  counter  electrode  (CE)  materials  with  high  catalytic 
activity  by  regulating  the  electrolyte  composition  [6,7].  To  date,  the 
DSSCs’  PCE  is  as  high  as  12%  [8].  This  improvement  shows  that,  as  an 
effective  photo-to-electricity  conversion  device,  DSSCs  have  a  huge 
potential  in  resolving  the  energy  and  environmental  crises  faced  by 
humans.  Traditional  DSSCs  based  on  triiodide/iodide  (I3  /I-)  redox 
couple  are  highly  efficient  [9,10].  However,  they  have  some  serious 
disadvantages,  including  CE  corrosion  (especially  when  silver  grids 
are  used  as  resistance  in  collecting  current  to  reduce  large  devices), 
iodine  sublimation,  and  visible  light  absorption.  These  disadvan¬ 
tages  seriously  restrict  the  mass  production  and  commercial 
application  of  DSSCs  [11,12].  To  resolve  the  aforementioned  prob¬ 
lems,  developing  redox  couples  that  are  iodine-free,  non-corrosive, 
and  can  weakly  absorb  visible  light  is  very  important  in  the  future 
development  of  DSSCs.  Currently,  many  iodine-free  redox  couple 
systems  have  been  developed,  consisting  mainly  of  metal  complexes 
(copper,  nickel,  and  cobalt)  [13—17],  inorganic  materials 
[Br_/Br3  and  SCN-/(SCN)3  ]  [18-20],  and  organic  redox  couples 
(TEMPO,  thiolate/disulfide)  [21-24].  Gratzel  and  co-workers  [22] 
reported  on  an  organic  redox  couple  derived  from  5-mercapto-l- 
methyltetrazole  that  gave  a  PCE  of  6.4%  in  Z907-based  liquid-state 
DSSCs  under  a  standard  illumination  condition  (100  mW  cm-2). 
Wang  and  co-workers  [25]  adopted  the  redox  couple  of  tris(l,10- 
phenanthroline)  cobalt(II/III)  to  prepare  liquid-state  DSSCs  based 
on  the  organic  dye  C218,  and  obtained  a  record  energy  conversion 
efficiency  of  8.3%  under  standard  illumination  condition.  In  addition 
to  the  redox  couple,  the  CE  is  another  major  component  of  DSSCs.  Its 
catalytic  activity  has  a  significant  impact  on  cell  performance. 
Among  numerous  CE  materials,  platinum  (Pt)  is  widely  applied 
because  of  its  superior  electrocatalytic  activity,  high  conductivity, 
and  chemical  stability.  However,  it  also  has  some  disadvantages, 
such  as  high  cost,  limited  reserve,  and  corrosion  from  I3  /I-  elec¬ 
trolyte,  which  affect  the  cost-effective  fabrication  and  long  term 
stability  of  the  devices.  Therefore,  the  development  of  new  CE 
materials  is  an  important  direction  in  the  development  of  DSSCs. 
Recently,  numerous  CE  materials  have  been  developed  in  succes¬ 
sion,  including  carbon  materials  (carbon  spheres,  activated  carbon, 
porous  carbon,  and  carbon  nanotubes)  [26-29],  surface-nitrided 
nickel  [30],  CoS  [31]  and  many  others.  DSSCs  using  all  kinds  of 
carbon  materials  as  CE  achieve  very  high  PCEs.  Murakami  et  al.  [26] 
adopted  carbon  black  as  the  CE,  and  the  efficiency  of  DSSCs  with  an 
I3  /P  -based  liquid-state  electrolyte  reached  9.1%.  Carbon  materials 
have  great  potential  in  DSSC  application  because  of  their  rich  sour¬ 
ces  and  cheap  price.  Another  major  challenge  faced  by  DSSCs  is  the 
long-term  stability  of  the  devices.  As  previously  mentioned,  the 
traditional  highly  efficient  liquid-state  electrolyte  of  DSSCs  normally 
uses  acetonitrile  as  the  solvent.  This  electrolyte  is  highly  volatile, 
causing  difficult  encapsulation.  The  room  temperature  ionic  liquid 
(RTIL)  has  been  widely  adopted  in  DSSCs  and  other  electrochemical 
devices  because  of  its  good  chemical  and  thermal  stability,  negli¬ 
gible  vapor  pressure,  wide  electrochemical  window,  and  high  ionic 
conductivity  [20,32-34].  At  present,  DSSCs  based  on  pure  ionic 
liquid  (IL)  have  reached  PECs  of  up  to  8.2%  [35].  However,  it  still 
adopts  traditional  I3  /P  electrolyte  and  Pt  CE  and  cannot  address  the 
problems  inherent  in  these  materials.  Based  on  these  consider¬ 
ations,  the  ideal  choice  for  preparing  efficient  DSSCs  is  to  adopt  an 
iodine-free,  purely  IL  redox  couple  with  weak  visible  light  absorp¬ 
tion  as  the  electrolyte  and  low-cost  carbon  materials  as  the  CE. 
Currently,  studies  on  this  field  are  rare.  Sun  and  co-workers  recently 
reported  on  purely  IL  DSSCs  by  adopting  the  organic  dye  TH305  as 
sensitizer  and  a  disulfide/thiolate  as  redox  couple  [36].  Unfortu¬ 
nately,  the  efficiency  of  the  cells  was  only  around  1%  under  standard 
illumination.  Hence,  we  made  efforts  to  continue  this  field.  In  the 
current  study,  we  synthesized  a  new  IL  electrolyte  composed  of  5- 
mercapto-1  -methyltetrazole-1  -methyl-3-propylimidazolium  salt 


(PMIT)/di-5-(l-methyltetrazole)  disulfide  (T2)  (Scheme  1).  Based  on 
this  electrolyte,  we  prepared  efficient  iodine-free  ion-liquid  DSSCs 
using  carbon  materials  as  the  CE.  The  efficiency  of  the  N719- 
sensitized  and  organic  dye  D102-sensitized  DSSCs  under  standard 
illumination  condition  (100  mW  cm-2)  is  high  4.30%  and  3.83%, 
respectively.  To  the  best  of  our  knowledge,  the  conversion  efficiency 
is  currently  the  highest  for  this  type  of  DSSC.  These  new  components 
may  overcome  the  shortcomings  of  traditional  liquid  cells  while 
effectively  reducing  the  cost  of  DSSCs  by  adopting  the  low-price  and 
highly  catalytic  ink  carbon  as  the  counter  electrode.  In  addition, 
these  new  DSSCs  show  great  potential  in  flexible  and  tandem  solar 
cells  under  back  illumination  condition. 

2.  Experiment 

2.1.  Preparation  of  the  DSSC  HO2  photoanode 

Ti02  photoanodes  6  pm  thick  (DHS-TPP200,  ~20  nm  diameter; 
Qiseguang  Inc.,  Dalian,  China)  on  fluorine-doped  tin  oxide  (FTO) 
glass  were  prepared  via  screen  printing.  These  photoanodes  were 
sintered  at  150  °C  for  15  min  and  at  450  °C  for  30  min.  When  the 
temperature  of  the  final  photoanode  was  reduced  to  100  °C,  the 
photoanodes  were  immersed  in  an  N719  (Solaronix)  or  D102 
ethanol  solution  (0.5  mM)  at  room  temperature  for  24  h.  The  DSSCs 
were  prepared  by  assembling  the  dye-sensitized  photoanode  and 
the  CE  into  a  sealed  sandwich-type  cell,  which  were  separated 
using  a  40  pm  thick  hot-melt  ionomer  film  (Surlyn,  Dupont)  as 
a  spacer.  The  surface  area  of  all  devices  was  0.252  cm2. 

2.2.  CE  preparation 

FTO  glass  plates  with  holes  were  subsequently  cleaned  with 
a  detergent  solution,  water,  and  ethanol  in  an  ultrasonic  bath.  The 
screen  printing  procedure  was  performed  using  a  Pt  paste  (Hep- 
tachroma,  DHS-PtSP)  on  the  FTO  glass  plates.  The  printed  CEs  were 
heated  in  an  oven  at  400  °C  for  30  min.  The  dispersive  ink  carbon 
was  purchased  from  Shanghai  Ink  Factory  (Advanced  Carbonic  Ink, 
234).  The  carbon  electrodes  were  prepared  by  spin  coating  for 
1  min  at  1000  r  min-1  and  heating  in  an  oven  at  300  °C  for  30  min. 
The  grain  size  of  the  carbon  particle  is  ~  20  nm.  The  thickness  of  the 
carbon  CE  was  approximately  700  nm  (measured  by  the  step 
profiler).  The  specific  surface  was  30  m2  g-1  (BET,  ASAP  2010, 
Micrometer). 

2.3.  PMIT  synthesis 

The  procedure  for  T-  and  T2  preparation  is  from  literature  [22]. 
(a)  5-Mercapto-l-methyltetrazole  N-tetramethylammonium  salt 
(TMAT)  was  prepared  by  neutralization  of  5-mercapto-l- 
methyltetrazole  (1.46  g,  12.6  mmol,  98%;  Aldrich)  with  a  25  wt.% 
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Scheme  1.  Synthetic  routes  and  structures  of  PMIT  and  T2.  a)  MeOH,  TMAOH,  Ar,  12  h; 
b)  ACN,  PMIBr,  -18  °C;  c)  H20,  I2,  sonicated,  2  h.  ACN  =  acetonitrile, 
TMAOH  =  tetramethylammonium  hydroxide,  PMIBr  =  1  -methyl-3-propylimidazolium 
bromide. 
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solution  of  tetramethylammonium  hydroxide  in  methanol  (1.4  mL, 
13.3  mmol;  Aldrich)  added  dropwise  in  a  glove  box  under  an  argon 
atmosphere.  The  solvent  was  evaporated,  and  the  resulting  white 
solid  was  dried  under  vacuum  at  50  °C  for  48  h  with  P2O5  (EMD, 
ACS),  (b)  TMAT  (1.89  g,  10  mmol)  was  dissolved  in  acetonitrile,  and 
the  white  solid  TMAI  was  precipitated  by  adding  l-methyl-3- 
propylimidazolium  iodide  (PMII,  2.27  g,  9  mmol).  The  solution 
was  kept  in  the  refrigerator  for  4  h  at  -18  °C  to  reduce  the  solubility 
of  TMAI.  After  filtering,  the  solvent  was  removed  by  rotary  evapo¬ 
ration.  The  residue  was  purified  via  column  chromatography  on 
silica  gel,  using  chloroform/acetone  (3:1  v/v)  as  the  eluent.  Finally, 
a  colorless  liquid  (8.1  mmol,  1.9  g,  88%)  was  obtained  after  removing 
the  solvent.  No  impurity  was  detected  by  1H  NMR  (300  MHz,  Var- 
ian).  NMR  (300  MHz,  DMSO-d6.  Ppm):  5=3.61  (s,  3H,  CH3),  9.16 
(s,  1H,  CH),  7.78-7.70  (m,  2H,  CH),  4.153-4.106  (t,  2H,  CH2),  3.858 
(S.  3H,  CH3),  3.72  (s.  3H,  CH3),  1.856-1.755  (m,  2H,  CH2),  0.871- 
0.822  (t,  3H,  CH3).  TOF  ESI  (+)  EIC  mode  MS  exact  mass:  calcd  for 
C2H4N4S  =  116.01  (M~  +  H+),  found  =  106.02.  +PMI  cation:  mass: 
calcd  for  C7N2H1H13  =  125.04  (M)+;  found  =  125.01. 

2.4.  T2  synthesis  [22] 

Di-5-(l-methyltetrazole)  disulfide  (T2)  was  prepared  by 
oxidizing  5-mercapto-l-methyltetrazole  (4.0  g,  34.4  mmol)  with 
iodine  (4.0  g,  15.8  mmol,  99.8%;  Aldrich)  in  water.  The  mixture  was 
sonicated  for  1  h  until  I2  disappeared.  The  white  precipitate  was 
collected  via  filtration  under  vacuum,  washed  thoroughly  with  cold 
nanopure  water,  and  dried  under  vacuum  at  40  °C  for  48  h. 

3.  Results  and  discussions 

3.1.  Solvent-free  and  solvated  ionic  liquid  electrolytes  for  N719- 
based  DSSCs 

Solvent-free  iodine  IL  with  great  potential  commercial  applica¬ 
tions  was  used  to  prepare  DSSCs  [34,37]  for  its  high  efficiency  and 
non-volatility.  The  new  synthetic  PMIT  is  a  colorless  IL.  Initially, 
a  pure  PMIT  IL  was  used  to  prepare  DSSCs.  First,  we  prepared  the 
T2:PMIT  (4:10  molar  ratio)  purely  IL  electrolyte,  and  adopted  N719 
as  the  sensitizer  and  a  Pt/FTO  as  the  CE  to  prepare  the  D1  device. 
The  open-circuit  voltage  (Voc),  short-circuit  current  density  ( /sc),  fill 
factor  (FF),  and  PCE  were  630  mV,  10.4  mA  cm”2,  0.33,  and  2.16%, 
respectively  (Fig.  1).  Although  the  PCE  has  been  improved  in 
comparison  to  previous  reports  [36],  it  is  still  not  satisfactory, 
primarily  because  of  the  very  low  FF.  Of  the  many  factors  influ¬ 
encing  FF,  the  low  diffusion  of  the  redox  couple  in  the  electrolyte 
increases  the  internal  resistance  of  the  cell,  causing  the  FF  to 
decrease  [38].  The  viscosity  of  the  IL  is  much  higher  than  that  of 
organic  solvents.  High  viscosity  affects  the  mass  transfer  process  of 
the  electrolyte,  which  is  particularly  evident  in  DSSCs  of  traditional 
iodine  IL.  In  particular,  the  diffusion  speed  of  I3  seriously  affects  the 
performance  of  the  devices  [32,39,40].  The  simplest  and  most 
practical  method  of  reducing  the  viscosity  of  the  electrolyte  and 
increasing  the  diffusion  coefficient  of  the  ion  is  to  add  a  lower- 
viscosity  general  organic  solvent  or  IL  [20,35,41,42].  Among  these 
methods,  l-ethyl-3-methylimidazolium  tricyanomethanide 
(EMITCM),  which  is  an  IL  with  lower  viscosity  and  higher  conduc¬ 
tivity,  is  widely  used  in  traditional  electrolytes  based  on  iodine  [42]. 
We  adopted  the  T2:EMITCM:PMIT  (4:5:10)  electrolyte  to  prepare 
the  D2  device.  The  FF  of  D2  increased  from  0.33  to  0.46,  and  VOC}JSO 
and  PCE  increased  to  640  mV,  10.30  mA  cm-2,  and  3.03%,  respec¬ 
tively  (Fig.  1).  Tian  et  al.  [36]  adopted  a  redox  couple  based  on 
thiadiazole  thiolate/disulfide  thiadiazole  to  obtain  approximately 
1%  efficiency  under  standard  illumination  conditions  [36].  The  PCE 
of  the  prepared  devices  D1  and  D2  is  three  times  that  of  the  devices 


Fig.  1.  Photocurrent  density-voltage  (J-V)  characteristics  of  the  D1  and  D2  devices 
under  AM  1.5  simulated  full  sunlight  (100  mW  cm-2).  Device  active  area:  0.252  cm2. 
Devices  D1  and  D2  using  T2:PMIT  (4:10,  mol/mol)  and  T2: EMITCM: PMIT  (4:5:10,  mol/ 
mol/mol)  as  electrolyte,  respectively. 

reported  by  them,  which  shows  the  initial  advantages  of  the  highly 
efficient  PMIT/T2  redox  couple  in  iodine-free  purely  IL  DSSCs. 

3.2.  Recombination  and  catalytic  kinetics  of  different  T2 
concentration 

After  optimization  of  the  ratio  of  EMITCM: PMIT,  a  5.6:10  molar 
ratio  is  employed  for  electrolyte  preparation  (see  Fig.  S2).  Along 
with  the  electrolyte  viscosity,  the  electrolyte  composition,  espe¬ 
cially  the  proportion  of  the  redox  couple,  also  has  a  significant 
effect  on  the  properties  of  DSSCs  [43].  For  this  reason,  we  studied 
the  effect  of  electrolytes  with  different  T2  contents  on  cell  perfor¬ 
mance.  We  found  the  T2:EMITCM:PMIT  (2.0:5.6:10)  was  the 
optimal  ratio  (see  Table  SI).  We  systematically  compared  the 
following  binary  IL  electrolytes:  IL1  (T2: EMITCM: PMIT  =  0.5:5.6:10 
molar  ratio,  T2:  0.16  M),  IL2  (1.0:5.6:10,  T2:  0.32  M),  IL3  (2:5.6:10,  T2: 
0.64  M),  and  IL4  (4:5.6:10,  T2:  1.28  M).  Based  on  these  four  kinds  of 
IL  electrolyte  systems,  we  adopted  N719  as  the  sensitizer  and  FTO/ 
Pt  as  the  CE  to  prepare  devices  IL-1,  IL-2,  IL-3,  and  IL-4,  respectively. 
Fig.  2a  shows  the  J-V  curves  of  IL-1,  IL-2,  IL-3,  and  IL-4  under  light 
and  dark  conditions.  Table  1  shows  the  J-V  performance  parame¬ 
ters  for  the  devices.  Under  standard  simulated  sunlight,  Jsc  slightly 
decreased  and  remained  at  the  10  mA  cm-2  level  with  the  increase 
in  T2  content.  Voc  was  reduced  from  694  to  645  mV,  and  the  FF 
increased  from  0.26  to  0.47.  However,  the  performance  of  device  IL- 
3  is  optimal.  Its  V0CJSC,  FF,  and  PCE  are  662  mV,  10.7  mA  cm-2,  0.47, 
and  3.30%,  respectively.  To  further  reveal  the  effect  of  different  T2 
contents  on  the  recombination  dynamics  and  catalytic  kinetics  of 
the  devices,  we  used  electrochemical  impedance  spectroscopy  (EIS) 
to  characterize  the  IL-1,  IL-2,  IL-3,  and  IL-4  devices.  For  the  equiv¬ 
alent  circuit  adopted  by  the  Nyquist  plots  of  corresponding  devices, 
refer  to  Figs.  S3b  and  S4.  The  fitting  parameter  results  are  shown  in 
Table  1.  As  shown  in  Table  1,  the  charge-transfer  resistance  (Rct)  at 
the  counter  electrode/electrolyte  interface  decreased  from 
38.8  Q  cm2  in  IL-1  to  11— 12  Q  cm2  in  IL-3  and  IL-4  with  the  increase 
in  T2  content.  The  decrease  in  Rcr  is  propitious  in  increasing  the  FF 
value,  leading  to  an  improvement  of  the  device  performance  [38]. 
When  the  DSSCs  were  under  an  open-circuit  illumination,  the  net 
injection  rate  of  the  electron  from  the  excited  dyes  to  Ti02  was 
balanced  with  the  recombination  of  the  electron  and  electrolyte. 
The  open-voltage  depends  on  the  electron  concentration  in  the 
Ti02  conduction  band.  V0c  is  quantificationally  represented  by  the 
following  equation  [44,45]: 
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Fig.  2.  (a)  Photocurrent  density-voltage  (J—V)  characteristics  under  AM  1.5  simulated 
full  sunlight  (100  mW  cm-2)  and  dark  conditions,  (b)  Light-intensity  dependence  of 
the  current  density  of  devices  IL-1,  IL-2,  IL-3,  and  IL-4  under  short-circuit  condition. 
The  inset  shows  the  short-circuit  current-time  response  (100  mW  cm-2).  Sensitizer: 
N719;  counter  electrode:  FTO/Pt;  cell  active  area:  0.252  cm2. 
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kT 
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temperature.  The  increase  in  the  content  of  the  oxidized  species  T2 
enhanced  the  recombination,  which  registered  as  an  increase  in  the 
dark  current  density  of  devices  IL-1,  IL-2,  IL-3,  and  IL-4  (Fig.  2a)  and 
a  decrease  in  the  recombination  resistance  of  the  Ti02/electrolyte 
interface  Erec  from  82.7  Q  cm2  in  IL-1  to  22.9  Q  cm2  in  IL-4.  The 
decrease  in  the  recombination  resistance  shows  that  the  increased 
electron  recombination  rate  decreased  the  life  of  electron  t  from 
60.3  ms  in  IL-1  to  18.4  ms  in  IL-4  (Table  1).  t  =  I^recC^,  where 
refers  to  the  chemical  capacitance  that  stands  for  the  change  of 
electron  density  as  a  function  of  the  Fermi  level  [46].  These  factors 
caused  the  electron  concentration  of  Ti02  under  illumination  to 
decrease,  thereby  leading  to  a  reduced  Fermi  energy  level,  EF,  of  the 
devices.  The  V0c  of  DSSCs  depends  on  the  difference  between  EF  and 
the  oxidation-reduction  potential  ERed/ox»  thereby  reducing  the 
open-circuit  voltage.  Thus,  the  T2  concentration  cannot  be  overly 
high.  Flowever,  it  also  cannot  be  too  low,  or  it  will  cause  mass 
transfer  problems.  Fig.  2b  shows  the  relationship  between  the 
short-circuit  currents  of  the  four  devices  and  light  intensity,  as  well 
as  the  time  response  curve  of  short-circuit  current  under  1.0 
sunlight.  The  short-circuit  currents  of  devices  IL-2,  IL-3,  and  IL-4 
have  a  good  linear  relationship  with  the  light  intensity.  Flence,  no 
mass  transfer  problem  was  observed  for  the  IL-2,  IL-3,  and  IL-4 
devices  based  on  the  electrolyte.  However,  device  IL-1  deviated 
from  the  linearity.  The  results  conform  to  those  of  the  time 
response  curve  of  the  short-circuit  current.  The  short-circuit 
current  of  IL-2,  IL-3,  and  IL-4  almost  remained  at  the  maximum 
level  at  the  beginning  of  illumination.  However,  the  short-circuit 
current  of  IL-1  gradually  weakened  with  time,  and  was  only  75% 
of  the  current  at  the  beginning  of  the  illumination  at  the  reaching 
balance.  Therefore,  the  right  T2  concentration  is  an  important  factor 
in  preparing  DSSCs  with  high  efficiency  and  stable  output. 

The  basic  requirement  for  the  electrocatalytic  performance  of  the 
DSSCs  cathode  is  outlined  by  the  typical  current  densities  on  TiC^ 
photoanode.  Ideally,  the  exchange-current  density  on  the  cathode,  jo* 
should  be  comparable,  which  provides  an  estimate  of  the  required 
charge-transfer  resistance,  ECT,  of  the  cathode.  The  exchange-current 
density  mainly  depends  on  two  factors:  the  concentration  of  the 
oxidized  species  and  the  electrocatalytic  performance  of  the  CE.  It  is 
expressed  by  the  exchange-current  density,  jo,  of  the  CE,  which  is 
expressed  by  the  following  equation  [29]: 


.  _  RT 
Jo  ~  nFIfa 


(2) 


where  J[nt  refers  to  the  electron  injection  flow,  Krec  refers  to  the 
recombination  rate  constant  of  T2,  nc,o  refers  to  the  electron  density 
of  the  conduction  band  of  Ti02  under  dark  conditions,  /a  refers  to 
the  reaction  order  of  the  electrons,  a  refers  to  the  electron  transfer 
coefficient,  [T2]  refers  to  the  concentration  of  the  oxidized  species,  k 
refers  to  Boltzmann  constant  and  T  refers  to  the  absolute 

Table  1 

Detailed  photovoltaic  parameters  of  devices  IL-1,  IL-2,  IL-3,  and  IL-4  under  AM  1.5 
illumination  and  EIS  parameters.  Devices  IL-1, 2, 3  and  4  using  IL1,2,3  and  4  as  elec¬ 
trolytes,  respectively. 


Device 

Voc  (mV)  Jsc  (mA  cm  2) 

FF  PCE  RcYa  (Q  cm2) 

Rrech  (Q  cm2) 

tc  (ms) 

IL-1 

694 

9.35 

0.26  1.67%  38.8 

82.7 

60.3 

IL-2 

670 

10.40 

0.36  2.49%  20.3 

38.9 

32.7 

IL-3 

662 

10.71 

0.47  3.30%  12.2 

26.5 

22.8 

IL-4 

645 

10.38 

0.47  3.18%  11.4 

22.9 

18.4 

a  Rrec:  recombination  resistance  at  the  Ti02-dye//electrolyte  interface. 
b  Rcr-  charge-transfer  recombination  resistance  at  the  electrolyte/CE  interface.  EIS 
was  obtained  at  the  -0.65  V  bias  voltage  under  dark  conditions. 

c  t:  Life  time  of  electrons  in  photoanode.  Device  active  area:  0.252  cm2;  sensitizer: 
N719;  counter  electrode:  Pt.  IL1  (T2:EMITCM:PMIT  =  0.5:5.6:10  molar  ratio,  T2: 
0.16  M),  IL2  (1.0:5.6:10,  T2:  0.32  M),  IL3  (2:5.6:10,  T2:  0.64  M),  and  IL4  (4:5.6:10,  T2: 
1.28  M). 


where  R,  T,  n  and  E  refer  to  ideal  gas  constant,  absolute  temperature, 
electron-transfer  number  and  Faraday  constant.  Ideally,  the 
exchange  current  density  provides  the  required  estimated  value  of 
the  charge-transfer  resistance,  ECT.  The  Rcr  of  devices  IL-1  to  IL-4 
was  clearly  reduced  with  increasing  T2  content,  thereby  leading 
to  an  improved  FF.  However,  this  method  has  limitations.  Based  on 
equation  (2),  when  the  jo  of  one  cell  is  10  mA  cm-2,  the  Rc t 
requirement  of  ideal  electrocatalytic  materials  is  around  2.6  Q  cm2. 
The  results  above  show  that  the  Rc t  value  of  Pt  is  far  from  this 
requirement.  Table  1  shows  that  the  increase  of  the  T2  content  can 
improve  FF  by  slightly  improving  the  Rcr,  albeit  at  the  cost  of 
reducing  the  V0c-  For  efficient  DSSCs,  V0c  and  FF  are  of  equal 
importance.  This  needs  to  increase  FF  in  higher  voltage,  which  is 
the  reason  for  the  need  to  decrease  the  internal  resistance  of  cells  as 
much  as  possible,  especially  the  Rc r-  The  key  to  resolving  the 
problem  is  to  find  excellent  CE  materials. 

3.3.  Ink  carbon  used  as  CEforDI02-  and  N719-sensitized  solar  cells 

The  above-mentioned  standard  FTO/Pt  CE  has  an  excellent 
catalytic  performance  for  a  traditional  iodine-based  electrolyte. 
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However,  the  catalytic  performance  of  the  proposed  electrolyte 
containing  the  sulfur  redox  couple  is  not  ideal.  In  previous  work, 
graphite  shows  better  catalytic  activity  than  Pt  for  T2/T_  [47].  Here, 
we  adopted  cheaper  ink  carbon  to  prepare  a  carbon  CE  with 
700  nm  of  thickness  in  the  current  study.  First,  by  adopting 
T2:EMITCM:PMIT  (1:5.6:10,  T2:  0.32  M)  as  the  electrolyte,  we 
compared  the  performance  difference  between  device  D-N719-C 
and  device  D-N719-Pt  using  ink  carbon  and  Pt  as  the  CE 
(Fig.  3a).  The  V00  Jsc ,  FF,  and  PCE  of  device  D-N719-Pt  were 
670  mV,  10.4  mA  cm-2,  0.36,  and  2.49%,  respectively  (Table  1).  The 
corresponding  parameters  of  device  D-N719-C  were  677  mV, 
10.1  mA  cm-2,  0.63,  and  4.30%,  respectively  (Table  S2).  As  far  as  we 
know,  these  are  currently  the  maximum  values  for  IL  DSSCs  based 
on  an  organic  redox  couple.  The  Voc  and  Jsc  of  the  two  devices  are 
very  close.  After  the  carbon  electrode  was  adopted,  the  FF  (0.63)  of 
D-N719-C  is  1.8  times  that  of  D-N719-Pt  (0.36).  FF  markedly 
improved,  indicating  that  the  ink  carbon  electrode  has  a  better 
catalytic  performance  with  this  kind  of  redox  couple  than  Pt.  To 
understand  the  significant  effect  of  CEs  based  on  FTO/Pt  and  FTO/ 
ink  carbon  on  the  performance  of  the  devices,  we  studied  the  EIS 
of  symmetric  dummy  cells  based  on  a  CE//electrolyte//CE  struc¬ 
ture.  The  adopted  equivalent  circuit  diagram  is  shown  in  Fig.  S3a. 
The  Rc t  of  the  ink  carbon  electrode  was  1.3  Q  cm2,  which  is  1  / 24  of 
the  Rcy  of  the  Pt  electrode  (31.6  Cl  cm2).  In  traditional  iodine 
electrode  DSSCs,  an  important  strategy  for  adopting  a  carbon 
electrode  to  replace  Pt  is  to  increase  the  effective  area  for  charge 
transfer  [i.e.,  increase  the  thickness  (2-150  pm)  and  the  specific 
surface  area]  [26,29].  However,  the  thickness  of  the  ink  carbon 
electrode  adopted  in  the  current  study  was  around  700  nm  and 
the  specific  surface  was  30  m2  g-1  (BET).  Therefore,  the  actual 
catalytic  area  is  much  smaller  than  that  of  the  carbon  electrode  of 
traditional  iodine-based  DSSCs  (-1000  m2  g-1)  [48].  The  ink 
carbon  material  shows  excellent  electrocatalytic  activity  for  the 
sulfur-containing  redox  couple.  Recently,  Michael  Gratzel  and  co¬ 
workers  found  PEDOT-based  counter  electrode  show  good  cata¬ 
lytic  activity  [49].  Thus,  abundant  and  cheap  carbon  can  be  used  as 
the  electrode  for  DSSCs  in  several  potential  applications.  Mean¬ 
while,  to  compare  the  difference  between  the  PMIT:T2  electrolyte 
and  traditional  iodine  IL  electrolyte,  we  prepared  the  electrolyte 
I3 /r  (I2:EMITCM:PMII  =  1:5.6:10:  PMII  is  l-methyl-3- 

propylimidazolium  iodide)  and  prepared  the  I-N719-C  device. 
Under  the  same  conditions,  the  Voc,  iso  FF,  and  PCE  of  I-N719-C, 
which  has  ink  carbon  as  the  CE  and  N719  as  the  sensitizer,  were 
658  mV,  6.36  mA  cm-2,  0.63,  and  2.66%,  respectively.  Its  perfor¬ 
mance  is  far  lower  than  that  of  D-N719-C,  which  is  mainly  because 
of  the  absorption  of  visible  light  by  the  Ij/I_  electrolyte  (Fig.  S5), 
thereby  causing  the  decline  in  Jsc.  The  new  IL  redox  couple  has 
excellent  light  transmission,  and  has  potential  application  in 
flexible  cells  based  on  the  rear-illumination  mode  [50,51].  Mean¬ 
while,  D102,  a  low-cost  organic  dye,  has  been  successfully  applied 
to  DSSCs.  The  efficiency  of  liquid-state  DSSCs  with  a  Pt  CE  is  6.1% 
[52].  We  conducted  a  preliminary  study  on  the  new  IL  redox 
couple  organic  dye  D102  and  the  performance  of  binary  IL  cells 
with  ink  carbon  as  the  CE  (Fig.  3a).  At  standard  illumination,  the 
Voc  jsc.  FF,  and  PCE  of  D-D102-C  were  644  mV,  10.0  mA  cm'2,  0.60, 
and  3.83%,  respectively,  which  are  close  to  the  values  of  D-N719-C 
with  N719  as  the  sensitizer.  The  applicability  of  the  new  IL  redox 
couple  using  an  organic  dye  is  evident.  In  addition,  we  compared 
the  performance  of  DSSCs  with  the  new  IL  redox  couple  with  those 
of  traditional  iodine  DSSCs  under  different  light  intensities. 
Derived  from  equation  (1),  the  open-circuit  voltage  of  DSSCs  and 
the  light  intensity  are  expressed  by  the  following  equation: 

dVpc  kT  ,  , 

dln(/int)  ena  v 
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Fig.  3.  a)  Photocurrent  density-voltage  (J—V)  characteristics  of  D-N719-Pt,  D-N719-C, 
I-N719-C,  and  D-D102-C  under  AM  1.5  simulated  full  sunlight  (100  mW  cm-2),  (b) 
Nyquist  plots  of  dummy  cells  based  on  FTO/Pt  (carbon)//electrolyte//FTO/Pt  (carbon) 
with  0  V  bias,  (c)  Open-circuit  voltage  (Voc)-light  intensity  dependence  of  D-N719-C 
and  I-N719-C.  Device  active  area:  0.252  cm2. 


which  reflects  the  relationship  of  the  recombination  dynamics 
between  the  electron  and  the  electrolyte.  Fig.  3c  shows  the  good 
linear  relationship  between  Voc  and  the  natural  logarithm  of  the 
light  intensity  of  D-N719-C  and  I-N719-C.  Their  slopes  are  30.7  and 
59.9  mV,  respectively.  Although  the  difference  between  the 
recombination  dynamics  of  these  two  kinds  of  electrolytes  is  still 
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not  clear,  this  result  shows  that  the  electronic  recombination  rate  of 
the  new  electrolyte  under  a  weak  light  intensity  is  smaller  than  that 
of  traditional  iodine  electrolyte  DSSCs  and  that  the  new  electrolyte 
DSSC  has  better  performance.  For  example,  under  10  mW  cm-2 
illumination  condition,  the  efficiencies  of  D-719-C  and  D-D102-C 
under  0.1  sunlight  are  high  (4.90%  and  4.30%,  respectively), 
whereas  that  of  I-N719-C  was  only  2.0%.  These  results  indicate 
a  potential  for  the  devices  to  operate  under  dim  light  (Table  S2  and 
Fig.  S6). 

4.  Conclusions 

We  synthesized  a  new  IL,  5-mercapto-l-methyltetrazole  1- 
methyl-3-propylimidazolium  (PMIT)  to  constitute  a  new,  iodine- 
free,  purely  IL  electrolyte  with  weak  visible  light  absorption  for 
DSSCs  preparation.  Adopting  Pt  as  the  CE,  the  energy  conversion 
efficiency  was  up  to  3.30%  under  standard  illumination.  By  adopt¬ 
ing  ink  carbon  as  the  CE  based  on  the  N719  dye,  the  efficiency 
reached  4.30%  and  4.90%  under  1.0  and  0.1  simulated  sunlight, 
respectively.  Meanwhile,  the  low-cost  organic  dye  D102  was  also 
used,  and  the  resulting  DSSC  efficiency  reached  3.83%.  These  results 
are  currently  the  maximum  efficiency  values  for  IL  DSSCs  with 
organic  redox  couple.  We  believe  that  the  cell  efficiencies  will  be 
further  boosted  with  further  optimization  of  the  photoanode, 
especially  the  adoption  of  light-scattering  layers  and  further  opti¬ 
mization  of  the  dye.  Aside  from  resolving  the  instability  and  diffi¬ 
cult  encapsulation  of  liquid-state  DSSCs,  the  new  organic  redox 
couple  IL  has  the  following  distinct  advantages:  first,  the  EIS  results 
show  that  the  carbon  electrode  is  a  more  excellent  catalyst  than  Pt 
for  the  PMIT//T2  redox  couple.  Therefore,  abundant  and  cheap 
carbon  materials  should  be  widely  used  to  effectively  reduce  the 
cost  of  the  cells.  Second,  the  new  electrolyte  possesses  better  light 
transmission  and  meets  the  requirement  for  building  integrated 
photovoltaic.  In  addition,  the  new  electrolyte  is  non-corrosive,  non¬ 
volatile,  and  environmentally  friendly.  Third,  with  better  light 
transmission  and  easy  encapsulation,  the  new  electrolyte  has 
excellent  potential  application  prospects  in  tandem  solar  cells 
[53,54]  and  flexible  solar  cells  based  on  rear-illumination  [50,51]. 
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